In the article, analysis of the work conditions and the metrological characteristics of the air gauges dedicated for the roundness assessment is described. To reach the required accuracy of the acquired data, the phenomena of gas dynamics had to be analyzed in the whole flow through elements of the air gauge. A model based on the second critical parameters was used, because it reflects the true processes of the air flow. As a result, fast and accurate simulations provided series of the characteristics to be considered. Nevertheless, the chosen air gauge configuration underwent the experimental verification of its metrological characteristics. Finally, the entire measurement system Geoform with the gauge head based on the chosen air gauges underwent the accuracy test in order to make sure of its overall measurement quality.
Introduction
"As electronics are increasingly used as the 'brains' of automatic machining, so air-operated gauges will be chosen as the 'eyes', to assess and signal or send impulses, according to how the process is running." This sentence written almost 60 years ago [1] , is still valid. The air gauges were successfully applied in the first decades of the 21st century in the industrial precise measuring tasks, like in-process inspection [2] , both passive [3] and active type [4] , as well as in analysis of the geometrical features like roughness [5] or form error [6] . The rapid development of computers and numerical calculation made it possible to use more precise and more sophisticated methods for data processing that were too complicated to be employed in the past [7] . That, in turn, forced science to find ways for further improvement of the metrological characteristics of air gauges [8] .
The form errors of cylindrical elements are very important features, and they should be measured not only during the machining process, but also afterwards, when the detail is exploited [9] . Thus, in order to enable a non-contact, fast, relatively cheap and reasonably accurate form measurement of the cylinders, the air gauges were applied in the automatic measurement device.
Basic definitions and parameters
A simple one-cascade back-pressure gauge consists of two nozzles of diameters dw (the inlet nozzle marked 1 in Fig. 1 , left) and dp (the measuring nozzle marked 3). Pressured air of pressure pz enters the measuring chamber (2) of a certain volume through the inlet nozzle, and leaves through the measuring one. Here, the outflow is restricted by the surface of measured detail (4) which forms a flapper-nozzle area, so the pressure pk in the chamber corresponds to the displacement s. The area of proportional function pk = f(s) is used as a measuring range zp (Fig. 1, right) . From the measurement accuracy perspective, the declination of the proportional part of characteristics is of great importance and is called the sensitivity or multiplication K. The sensitivity may reveal some discontinuity which has been the subject of examinations for some 50 years [10] . The volume Vk of the measuring chamber (2) could be reduced below 3 cm 3 in order to obtain good dynamic characteristics [11] . Mathematically, the static characteristics of air gauge is a function of its several geometrical parameters and the feeding pressure (gauge pressure), which may be written as follows: pk = f (pz, dw, dp, s),
which is simplified and does not include many other parameters like the shape and length of flow-through elements, the outer diameter of measuring nozzle, roughness of the inner surfaces, etc. Those parameters have a certain impact on the flow-through coefficients of inlet nozzle and flapper-nozzle area, αw and αps , respectively, which are the quantitative measure of the flow process irreversibility . Thus, the stream continuity means that the mass flow through the inlet nozzle w m ɺ should be equal to the mass flow through the flapper-nozzle area ps m ɺ . The stream continuity equation could be written:
, , , , , , , .
In the case of inlet nozzles, it could be either the regulated flow surface or the set diameter. In the last case, the static characteristics is more stable, and the metrological parameters of air gauge (sensitivity and measuring range) could be changed by replacement of the inlet nozzle. The most common diameters of inlet nozzles are between 0.5 and 2.0 mm. Smaller nozzles are more economical because they provide a smaller mass flow. However, the dynamic characteristics of air gauge worsens [11] . The inlet nozzle surface can be left flat, or conical, or profiled, which influences the flow coefficient αw. As it is seen in the diagram (Fig. 2) , the difference between profiled and conical nozzles is insignificant, while the profiled one is much more expensive to be shaped.
Flow through air gauge elements
It became clear as early as in the middle of the 20th century that the simplicity in functioning and using air-operated gauges in no way implied that the technical considerations involved in the choice resulted in obtaining the required flow characteristics [12] . Numerous matematical models have been applied to calculate the static characteristics of air gauges [13] . Each of them is based on the formulas of flow through the inlet nozzle and in the flapper-nozzle area [10] . The differences between the models lay basically in the loss coefficients and in the way of presenting the function itself. Some authors propose to assume incompressibility of air, and even though they provide relatively good results, especially for the small pressure falls, the true nature of the flow is not reflected [11] .
Apart of the turbulent flow, in the air gauges could appear a supersonic flow, as well as strike waves which absorb the flow energy. Hence, the true mass flow is different from the theoretical one which can be calculated with the Saint Venant -Wantzel discharge formula [10] :
where: t m ɺ -the theoretical mass flow; A -the outflow surface; P0, T0 -the absolute pressure and temperature in the stagnation point at the nozzle inlet; P -the absolute pressure in the nozzle outlet intersection; κ -the isentropic factor; R -the gas constant (in the air gauges it is usually air).
The pressure ratio which corresponds to the maximal mass flow
is called the critical ratio:
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where Pkr1 is the first critical pressure (absolute), when the outlet mass flow is maximal. Because the stream contraction causes some loss of energy, the actual pressure ratio for maximal mass flow differs from the theoretical one. It is called the second critical ratio βkr2. The corresponding flow coefficient is: The formula (6) could be written in a more common form by applying the Sanville flow function Ψ(β), which is widely used for mathematical modelling of the air mass flow through the local pneumatic resistance. The flow function may be described as follows [14] : ( ) 
The results obtained from (6) revealed good conformity with the experimental data, and could be applied both to the inlet and measuring nozzles. In the last case, however, the energy loss in the nozzle orifice contains ca. 4% of the entire loss in the flapper-nozzle area [10] . Figure 4 presents the areas where the losses appear: in the nozzle orifice described by the coefficients ζ 1 , ζ 2 and ζ 3 , and in the area between the nozzle head and the flapper surface described by the coefficients ζ 4 , ζ 5 and ζ 6 . To express the overall pressure loss ζ c related to the mean pressure in the measuring slot s (limited by the outer diameter dc) the following formula was proposed [10] : Fig. 4 . The pressure losses in the flapper-nozzle area [10] .
As it has been proved, the area limited by the outer diameter dc and the flapper surface may generate some phenomena that have a negative impact on the metrological properties of air gauges [15] . In particular, a wide nozzle head may generate discontinuity of the static characteristics which could substantially shorten the measuring range.
The area between the inlet and measuring nozzles is a measuring chamber, where the backpressure is measured, assuming knowledge of the slot width s, and, hence, of the measured dimension. The role of a measuring chamber could play either a long hose connecting the gauge head with the main device, or a reduced pneumatic cascade placed entirely in the gauge head [16] . The proposed mathematical model for a non-stationary flow through the air gauge measuring chamber, based on the Reynolds equations and the k-ε turbulence model [17] , provided the information on the flow inside the measuring chamber. Figs. 5 and 6 present the velocity profiles and the velocity vectors inside the air gauge measuring chamber, respectively.
The turbulences and backward directed flow are the sources of the pressure fluctuation which results in an unstable measuring signal registered in Fig. 7 for the middle of the measuring range of air gauge of dp = 1.610 mm, dw = 1.210 mm, DC = dc/dp = 1.5. The number of registered subsequent measurements was N = 29,566. Based on the above knowledge, it is possible to perform simulations of the air gague static characteristics [18] , as well as the non-stationary flows [17] .
Simulation and experimental results
In order to choose proper configurations of air gauges for a particular task of the roundness measurement, a series of simulations were performed. The following example illustrates the main tendencies in the static characteristics of the air gauges. Figs. 8 and 9 show the simulated static characteristics (left) and their multiplications (right) for a set with dp = 2.003 mm combined with dw = 0.830 mm, 1.020 mm and 1.210 mm. The assumed feeding pressure was pz = 150 kPa. After the initial choice of the projected air gauges, their characteristics underwent experimental verification and correction. The laboratory equipment for analysis of static characteristics has been described in detail in [10] , and its scheme is shown in Fig. 10 . The whole set is controlled by a PC equipped with StanBad program. The initial and final slot is input, the sampling step may be chosen, the number of repetitions may be given. After the data are collected, they are processed with another program -CharStat, which presents the results of measurement both numerically and graphically.
Because the measurement task was to assess out-of-roundness of the cylinder with the tolerance of 10 ÷ 15 μm, the following geometrical parameters of the air gauge were chosen: the measuring nozzle with the orifice diameter dp = 1.610 mm and the outer diameter dc = 4.8, the inlet nozzle with the diameter dw = 1.020 mm. Geometry of those nozzles is presented in detail in Fig. 11 . The conical entrance of measuring nozzle was designed to smoothen the phenomena of gas dynamics discussed above. This configuration was able to perform the measurement with multiplication |K| = 0.5 kPa/μm within the range of zp = 100 μm with non-linearity not exceeding 0.5%. Fig. 12 presents the experimentally obtained characteristics of a chosen air gauge. 
The measurement of roundness
The chosen air gauges were built into a patented gauging head (patent PL 211360) of the GEOFORM device designed to measure the diameter and roundness of inner surfaces like rings, sleeves or cylindrical openings (Fig. 13) . The operator decides on how many levels the measurement should be performed. Before the measurement, the device should be calibrated with a setting ring. The results of measurement are presented as a set of numbers, and as a circle graph. The software enables also to perform harmonic analysis of amplitudes in the measured intersection.
The device is capable to measure inner diameters of d > 100 mm with the uncertainty of Uk = 2 < ±1.5 μm. The measurement results are presented on the screen both numerically and graphically. In the example presented in Fig. 14 , the measurement results of roundness at level 2 (in the middle of the cylinder) are presented in the scale from -10 to +10 µm. The obtained out-of-roundness is 8.1 µm. The applied idea of assessing the roundness is very different from a typical three-point measurement described e.g. in [20] . Calculation of the profile and its out-of-roundness is performed as if a typical V-block measurement is performed, only instead of two fixed points of the V-block, the data collected from two air gauges are used. Thus, instead of one measurement result ΔW, the gauge head provides three results: ΔR1, Δ R2 and Δ R3 from three independent air gauges, as shown in Fig. 15 . Based on the principle presented in [21] , the measured parameter ΔW could be calculated as:
where: ΔR1, ΔR2 and ΔR3 -the indications from three gauges; 2α -the angle between the air gauges 1 and 2. The achieved result ΔW is then transformed into a Fourier series, and particular harmonics undergo a correction procedure. Calculation of the Fourier coefficients was based on substituting a trapezoid function in the Euler's formulas [22] . The final formulas for the harmonic analysis were following: 
where: m = 2, 3,…, 15; k = 0, 1, 2,…, 2n (for 360° n = 360). Figure 16 illustrates that the profile identified by the Geoform device is -in general -the same as the one identified by the Talyrond 365. All the main profile features are represented in both their quality and quantity. and Geoform (right) devices.
The overall accuracy of the measurement system which determines its capability to perform the presumed measuring task was calculated according to the recommendations proposed by Adamczak [23] . For that purpose, the reference measurement data were obtained from the Talyrond 365 device. After 100 repetitions with different cylinders, the DP factor (described in detail in [24] ) covering the differences between the reference measurement and the tested method was calculated to be 9.40%, which is highly satisfactory.
Conclusions
The measurement of such a feature like out-of-roundness requires a high accuracy and repeatability. In the examined task, the tolerances of 10 ÷ 15 μm were set by the industrial requirements. In order to perform a non-contact, fast measurement with a reasonable accuracy at the lowest possible price, the patented gauging head with three independent air gauges was analyzed.
To reach the required accuracy of the acquired data, the phenomena of gas dynamics had to be analyzed in the whole flow through elements of the air gauge. It could be concluded that a proper shape of the nozzles and measuring chamber may smoothen turbulences and strike waves and thus improve the metrological properties of the air gauges.
Another conclusion states that the second critical parameters provide very accurate results of the static characteristics of air gauges, because they reflect the true flow through processes. As a result, fast and accurate simulations based on a wide range of various dimensions and other parameters of the proposed air gauge provide a series of characteristics to be considered. Nevertheless, the chosen air gauge configuration underwent experimental verification of its metrological characteristics and was found suitable for the designed measuring task.
The measurement Geoform system with the gauge head based on chosen air gauges was again tested in order to make sure of its overall measurement quality and capability. The obtained result of 9.40% accuracy compared to that of the reference Talyrond 365 device proved that the air gauges built into the Geoform system perform their task with the required accuracy.
